We argue for the creation of a carbon liabilities market to address climate change. Each period, countries would be made liable for their share of responsibility in current climate damage. Because liabilities could be traded like …nancial debt, this decentralizes the choice of the rate by which countries discount future bene…ts and damage, thus yielding …rst-best emissions patterns. Rather than being based on an expected discounted sum of future marginal damage (as with a carbon tax or tradable emission permits) our proposal relies only on realized damage and on the well-documented emission history of countries.
Introduction
The project of a worldwide harmonized optimal carbon tax policy is bound to fail. The reasons for that are at least twofold. First, the heterogeneities in beliefs about climate damage and in the weight given to future generations (through the discount factor) forbid any agreement on a single tax rate. Next, and perhaps more importantly, the very principle of the optimal carbon tax-or of the optimal cap-and-trade program, for that matter 1 -makes it politically unacceptable: it asks current emitters to pay for damage that may or may not happen to future generations. The willingness to pay simply isn't there. 2 Arguments in favor of a carbon tax have been around for decades. 3 However, despite the signi…cant achievements made over time in …ne-tuning the inner workings of a well thought-out carbon tax and predicting its consequences (see, 2014, for state-of-the-art analyses), one cannot ignore the disheartening fact that very few countries, states, provinces or cities have thus far implemented a carbon tax. In addition, when a carbon tax does exist, the tax rate is often set below most reasonable estimates of the social cost of emissions, leading to suboptimal incentives to reduce emissions. 4 To this day, and despite its many desirable features (like e¢ ciency, ease of implementation, revenue raising, and wholesome incentives for innovation, among others), enacting a carbon tax still requires much convincing. 5 Likewise, while some cap-and-trade programs exist (RGGI, WCI, EU-ETS), they are systematically weakened by the issuance of 1 Like the optimal carbon tax, the optimal number of allowances is calculated on the basis of a present discounted value of future climate damage. 2 Jenkins (2014) estimates at $2-$8 per ton of CO 2 the willingness to pay for the US population, whereas the full social cost of carbon emitted today is much higher (with estimates ranging from $15 to $150 per ton of CO 2 ). 3 William Nordhaus was probably the …rst economist to put climate policy at the forefront of his research agenda (e.g., Nordhaus, 1977) . Note, however, that a tax to address air pollution had already been proposed by Hardin (1968) in his celebrated contribution to the problem of externalities. The link between the concentration of gases in the atmosphere and the surface temperature of the earth had been established by Fourier (1824) . Svante Arrhenius, who went on to obtain the Nobel Prize in Chemistry in 1904, made one of the …rst attempts to calculate the e¤ect of a doubling of carbon dioxide concentration on temperature (Arrhenius, 1896) . For more on the evolution of the awareness of mankind's impact on climate, see Kellogg (1987) . 4 According to the World Bank (2014), 14 countries and one Canadian province taxed CO2 emissions as of June 2014. Aside from Denmark, Finland, Sweden, Switzerland, and the province of British Columbia, carbon tax rates are signi…cantly lower than the social cost of $37/tCO2e estimated by the US government's Interagency Working Group on Social Cost of Carbon (US Government, 2013). These estimates are obtained from three established integrated assessment models: DICE, FUND and PAGE. 5 The mere existence of Hsu's excellent book on the advantages of a carbon tax (Hsu, 2011) long after the …rst proposals is telling.
an excessive number of permits to be circulated (Hsu 2011) . 6 We argue that the project of a worldwide carbon tax or cap-and-trade program should be abandoned in favor of an economically e¢ cient policy that decentralizes beliefs and discount factors-thus allowing for disagreements in these dimensionswhile exacting payments that are commensurate to damage that is presently occurring. We propose such a policy.
At the heart of our proposal lies the realization that a Pigovian climate policy need not exact the full payment of the social cost of carbon at the time of emission to yield …rst-best incentives. Consider a simple two-period illustration with a single decision maker. She obtains utility u (e) from emitting e units of emissions in Period 1, which lead to d e units of damage in Period 2. Hence, d can be thought of as the social cost of carbon per unit of emissions. Under an optimal carbon tax, the decision maker is required to pay ( d) per unit at the time of emission, where is the discount factor. This leads her to choosing the socially optimal emissions level upon maximizing her total (period-one) payo¤:
Suppose instead that the decision maker is only required to pay the (undiscounted) damage, (de), when it occurs in Period 2. Her objective is now to maximize the discounted sum of her payo¤s, u (e) (de), but her emission decision is the same as under the optimal carbon tax: u 0 (e ) = d. Notice, however, that this second approach allows for damage to be observed before payments are made, so that the decision maker never has to pay out-of-pocket amounts linked to damage that is still hypothetical. From the standpoint of political acceptability, this is a key di¤erence.
Following this insight, we propose a new climate policy based on what we call carbon liabilities: Emitting CO 2 in the atmosphere 7 would be accompanied by the issuance of a carbon liability, a legal duty for the bearer to pay damages over time as climate damage occurs. 8 Simply put, our proposal consists in converting 6 According to economic theory, the method of allocation of permits-whether they are given away or auctioned o¤-is immaterial for e¢ ciency. Yet, governments are often compelled to give away permits, and to give away too many of them, due to political concerns. See Chapter 3 of Hsu (2011, chapter 3) for a recount of the many loopholes built in virtually all cap-and-trade programs, such as carbon o¤sets and a slew of exemptions, which severely limit the reach of cap-and-trade policies all on account of political acceptability. 7 For expositional purposes, we shall speak only in terms of CO 2 . 8 Clearly, the issue of determining the magnitude of anthropogenic climate damage is a di¢ cult one. Note, however, that this question is by no means resolved with a carbon tax. CO 2 emissions into national (…nancial) debt. The debt would be owed to an international climate fund that could, for example, compensate participating countries to the tune of the climate damage incurred. 9 This requires nations to only pay for damage caused by their emissions 'upon delivery'rather than pay today for the in…nite discounted sum of future marginal climate damage up front. Carbon liabilities would not expire, but would instead decay at the same rate as atmospheric CO 2 , all the while holding bearers accountable for paying carbon damages over time. 10 By doing so, this avoids the principal-agent problem that arises when current generations pay the most while future generations bene…t the most, as is the case for all carbon pricing policies proposed to date.
Despite their intention to decentralize the regulation of CO 2 emissions, existing carbon pricing policies are actually very centralized: they base the tax rate (or the cap) on a discount factor and on beliefs about future damage that are those of a planner. Pigovian taxation was intially developed in a single-period setting, where the externality was entirely characterized by the magnitude of its damage. The climate problem adds two dimensions to the externality: uncertainty and temporality. The Pigovian logic must therefore be revisited accordingly. If we take the 'Pigovian logic' to mean the internalization by agents of all aspects related to the externality, then our proposal applies this logic in full by letting countries internalize their own beliefs about future damage and their own view on discounting.
Note that our proposal is also very Coasian in spirit because it achieves e¢ ciency via decentralization through trade, as we now illustrate. To build upon our previous example, consider now that carbon liabilities are tradable on a world market at price p and denote by X the net quantity of liability sold by the decision-making country. Thus, it maximizes u (e) d (e X) pX
, where C is a convex cost function associated with holding climate
In fact it is made even worse, because predicting the damage caused by a ton of carbon emitted today decades or centuries into the future is a much more heroic feat than assessing the responsibility of past emissions in (observed) damage ocurring today. 9 How revenues are used is beyond the scope of this paper. We shall simply assume here that revenues are allocated independently of emissions. We address this issue in a separate paper (Billette de Villemeur and Leroux, 2011).
1 0 Throughout the paper, we use the word 'damage'to mean the harm caused by greenhouse gas emissions. By contrast, the plural 'damages' refers to the amount a nation is legally required to pay as the result of harm caused by its emissions.
debt. 11 , 12 Optimizing in e and in X yields the following …rst-order conditions:
Accordingly, countries who expect low discounted marginal damage-i.e., with low d's, either because they are skeptical about climate change or because they have little concern for the future-will purchase liabilities. They will do so up to the point where the marginal cost of accumulating climate debt compensates the gap between its expectation of discounted marginal damage and the liability price. Likewise, countries with high expected discounted marginal damage will sell their liabilities and possibly accumulate 'carbon assets', should e X fall below zero. As a country accumulates assets, the marginal bene…t of these assets falls (due to lack of trust that they will be repaid, or simply for reasons of portfolio diversi…cation) until it closes the gap between p and its own d. In equilibrium, the marginal utility of all countries is equal to the market-clearing price, p.
Relation to the literature
Our contribution is related to the literature on green accounting and the bur- climate fund to collect and redistribute funds to countries, we view the large entry cost as a signi…cant obstacle to their 'global refunding scheme'. In fact, the very aim of our proposal is to reduce the entry cost of countries as much as possible while retaining proper incentives.
The idea of using liabilities as a means to control externalities traces back to Calabresi (1970) and was recently compared to corrective taxation in Shavell (2011). On the one hand, regulation (i.e., taxation) is costly even in the absence of damage, whereas a liability approach only kicks in when harm actually occurs. On the other hand, a liability approach is typically more informationally demanding because it requires establishing tort (Kolstad et al, 1990; Shavell, 2011 ). Hence, a liability approach is likely to be more appropriate in situations where damage is highly uncertain but where its source can be easily established.
This is precisely the case of climate change, where the magnitude of the damage is typically unknown ex ante but the responsibility of countries towards CO 2 concentration can be readily established thanks to available data on cumulated CO 2 emissions per country (e.g., from the World Resource Institute or the World Bank databases). 13 The general argument echoes that of Shleifer (2012) according to which the need for regulation arises where litigation is ine¤ective.
Underlying this line of reasoning is the notion that turning to litigation (read liability) is a most natural re ‡ex that should be left unhindered whenever it is an e¢ cient option.
In a climate change context, liabilities have very recently been proposed as a means to make global cooperation more e¤ective and less costly in the long run (Gampfer, Gsottbauer and Delas, 2014) . Their merit lies in the fact that countries are more likely to adhere to an agreement on emissions reductions if they believe they will be compensated fairly for future climate damage incurred (Gampfer, 2014) . The argument in these works is one of fairness. Ours is mainly one of economic e¢ ciency.
The use of liabilities to address the climate problem is further supported by insights from the cost-sharing literature. An important lesson to be learned 1 3 The liability approach is usually discussed in the context of tort law, involving private parties and legal costs attached to lawsuits, to establishing due care and negligence. By contrast, the liability approach we consider here is public, in the sense that it involves countries, and would consist in an automatic procedure where the negligence rule plays no role. Countries would be held responsible for climate damage according to their emissions emitted after an agreed-upon starting date.
from that literature is that the best properties of a payment scheme-whether in terms of e¢ ciency, incentives, or even fairness-arise from mimicking the physical features of the externality to be managed (Moulin, 2002) . Climate damage being a problem caused by the stock of CO 2 in the atmosphere, it is natural to condition payment on emission stocks rather than on emission ‡ows as do the carbon tax and cap-and-trade programs. By making explicitand, most importantly, …nancial-the somewhat intangible carbon debt that mankind accumulates along with atmospheric CO 2 , carbon liabilities do just that.
The remainder of the paper is organized as follows. We …rst formally establish in Section 2 that turning carbon debt into …nancial sovereign debt leads to …rst-best incentives to reduce emissions without charging the full social cost of carbon up front. In Section 3 we introduce the instrument of carbon liabilities per se. Unlike carbon debt, which is based only on an estimation of marginal climate damage, payments are determined relative to realized damage. Section 4 shows that free trade leads to e¢ ciency even in the presence of heterogeneous beliefs about future climate damage and heterogeneous discount factors. Hence, a track-and-trade policy allows for full decentralization along these dimensions, unlike a carbon tax or cap-and-trade programs. Section 5 concludes.
A carbon debt that yields correct incentives
denote the ‡ow of stochastic damage borne by all countries, indexed by i, as attached to anthropogenic climate change. At any period t, the occurrence and the magnitude of this damage is assumed to be an increasing function of Z t , the current stock of anthropogenic CO 2 in the atmosphere. Our proposal consists in converting CO 2 emissions into …nancial debt. More precisely, in each period, all countries are required to contribute to an international climate fund to the tune of t Z j t where t = dD t =dZ t is the marginal climate damage due to anthropogenic emissions 14 and where
s is the contribution of country j to the stock Z t (it is the discounted sum of its past emissions X j s , for all s t, accounting for their natural decay at rate 1 ). 15 Throughout, we shall work under the usual Pigovian assumption that no single agent has an impact on the marginal damage and that the impact of one's own emissions is negligible. The latter is perfectly consistent with the climate problem. The former implies that we ignore strategic issues associated with the relative size of countries. While not completely realistic, this assumption allows us to focus on the general features of the mechanism.
Proposition 1 Such a carbon debt scheme yields …rst-best emission patterns.
Proof. Under rational expectations, country i evaluates its present net bene…t as:
where B such that:
Each country equalizes its marginal bene…t with the expected discounted value of marginal climate damage, thus achieving …rst-best e¢ ciency.
Notice that the only information required of the planner to implement our scheme, on top of the well-documented emission history of countries, is t = dDt dZt : the marginal impact of current stock of anthropogenic CO 2 in the atmosphere on the current ‡ow of climate damage. While obtaining this information accurately may be no small task, it seems far less daunting to be working with observed data than with predictions over future decades or centuries. Indeed, the information required to implement an e¢ cient carbon tax, , or the equivalent cap-and-trade program is the expected, discounted sum of the marginal impacts of current emissions on future climate damage:
the margin. 1 6 Using a dynamic stochastic general equilibrium model, Golosov et al. (2014) …nd a formula for the optimal carbon tax that does not rely on future values of output, consumption or stock of CO 2 in the atmosphere. While a remarkable …nding, their formula cannot do away with the discount factor, however.
From a policy standpoint, implementing a carbon debt policy is simpler than implementing a cap-and-trade program. Indeed, carbon debt is issued and allocated systematically based on each country's observed emissions. By contrast, cap-and-trade schemes require a planner to issue and allocate permits with the obvious risks of miscalculation and misallocation, respectively.
The upshot of requiring less of the planner is that much more freedom is left to the countries, thus allowing for more decentralization than, say, a harmonized carbon tax policy or a global cap-and-trade program. Speci…cally, countries make their own predictions about future damage and work with their own discount factors. However, there is a limit to decentralization: making …rms and consumers liable would increase default risk and lead to skewed incentives. By contrast, assigning liabilities at the country level signi…cantly improves solvability and ensures correct incentives because nations are long-lived. In addition, this gives countries sovereignty on how to …nance their carbon damages.
The following section presents a liability scheme where payments depend on the realization of climate damage, as opposed to having them depend on expectations.
From carbon debt to carbon liability
Although there is some evidence that climate change already has an impact on economic outcomes, climate damage remains highly uncertain and volatile. It follows that ex ante approaches to climate policy exhibit the unappealing feature of possibly requiring high payments when realized damage is low, or vice versa.
A liability approach avoids this disconnectedness by linking payments to realized harm. 17 In practice, while estimations of marginal climate damage recognize the large uncertainties surrounding the realization of damage (Tol, 2005) , the notion of marginal damage only applies to the underlying climate patterns, stripped of all uncertainty. To clarify, if we model climate damage to be of the form D (Z t ) = D (Z t ) + " t where all the uncertainty is contained in " t , the large body of work on the estimation of the marginal damage of emissions is aimed at obtaining the best estimates of dD t =dZ t . Accordingly, t = dD t =dZ t , so that the carbon debt payments considered up to now do not actually depend on realized harm.
We now turn to a formal presentation of our liability scheme. Assume that payments are adjusted according to realized damage, D (Z t ). More precisely, assume that countries are actually required to pay t Z i t I Dt , where
is the ratio of the realized over the predicted damage.
Proposition 2 The liability rule t Z i t I Dt is …rst-best e¢ cient and yields payments proportional to realized climate damage.
Proof. By de…nition, E s [I Dt ] = 1 for all s t, so that expected payments are unchanged. Hence, from Proposition 1, the liability rule is …rst-best e¢ cient.
Furthermore, t Z i t I Dt is indeed proportional to realized harm:
Expression (6) displays the fact that liability payments are not only proportional to the realized harm, D t (Z t ), but also to one's relative contribution to the total stock of CO 2 in the atmosphere,Z i t =Z t . This proportionality is modulated by the predicted ratio of marginal to average damage, which re ‡ects the convexity of the damage function, D t . If the damage function is linear, payments exactly cover total damage and countries pay in proportion to their emission
. If the damage function is convex, total payments add up to more than the realized damage because …rst-best e¢ ciency requires going beyond full liability. 
Remark 1 Full liability-i.e., charging

Decentralization through trade
If liabilities can be traded, our approach is robust to heterogeneity in discount factors and to diverging forecasts. Indeed, if discount factors and forecasts are country-speci…c Expression (3) becomes:
where i and E i t are the discount factor and the expectations of country i, respectively.
Country heterogeneity yields trade opportunities: a market for liabilities leaves it to countries to determine how much liability they wish to hold based on their predictions of future climate damage. Should opinions di¤er on the likelihood or magnitude of future damage, or on the discount rate, e¢ ciency is maintained through trade as we now show.
Speci…cally, given a competitive market price, p t , countries may choose to buy carbon liabilities-and be paid to do so-or to sell them, by paying others to hold liabilities in their stead. We introduce a cost for countries of holding …nancial debt, c i t , which we interpret it as country default risk. We assume c j t to be increasing, strictly convex, and such that c i t (0) = 0.
Proposition 3 Under heterogeneous preferences and beliefs, a tradeable carbon liabilities scheme-where installments are set to current marginal climate
-is …rst-best e¢ cient.
Proof. We show that e¢ ciency is robust to heterogeneity in countries' discount factors. The proof assuming heterogeneity in expectations about future damage, E 
where,
is the amount of carbon debt held by country j at date t.
Similarly, assume country i purchases Y i t units of liability, as measured in carbon stock units. Its expected present net bene…t writes as follows:
where the carbon stock for which country i is now considered to be responsible writes:
From the point of view of a net seller, the …rst-order conditions write as follows:
From the point of view of a net buyer, the …rst-order conditions are the following:
and for all j
yielding e¢ ciency.
Proposition 3 is in the vein of the First Welfare Theorem. Indeed, carbon liabilities act as tradable Arrow-Debreu-type securities that make markets complete, thus yielding allocative e¢ ciency through decentralization. 19 Furthermore, another consequence of Proposition 3 is that the scheme allows for diverging opinions regarding climate change. It is also noteworthy that the mechanism is robust in the sense of being immune to strategic manipulation both in the discount factor and in the expectations because the …nal allocation of debt is a competitive market outcome. To sum up, the introduction of a market for carbon debt makes our mechanism robust to misrepresentation and to misreporting.
Morever:
Remark 2 Because our scheme …nanciarizes the carbon debt, failure to honor the latter is now no di¤ erent than a default in the repayment of …nancial debt. 20 1 9 It would be interesting to explore whether an equivalent of the Second Welfare Theorem holds. For an attempt at conjugating allocative e¢ ciency with the redistributive aspects of global warming, see Billette de Villemeur and Leroux (2011).
2 0 However, there is a di¤erence in the nature of these debts. In the unlikely case of default on …nancial debt, those a¤ected are creditors who chose to expose themselves to …nancial risk. By contrast, those a¤ected by default on carbon debt are likely to be residents of vulnerable countries that did not choose to expose themselves to climate risk. We thank Yann Kervinio
The previous remark highlights the seriousness of defaulting on carbon debt.
Indeed, because the latter amounts to …nancial debt, failure to repay comes at a signi…cant reputational cost. This is all the more the case as the agents involved are nations rather than individuals or …rms.
Naturally, there is the question of whether countries will participate in the …rst place, leading to the general theme of coalition formation in international environmental agreements. Because the expected net discounted payo¤s of countries are identical under our approach as with an optimal carbon tax, we do not expect to obtain in our setting markedly di¤erent conclusions from those of that litterature. Of course, those very important questions deserve to be addressed more carefully, which we leave to future work.
Concluding remarks
We propose a new approach to climate policy based on the trading of carbon liabilities between countries that yields the same emissions patterns as the optimal carbon tax. Moreover, we argued that such a mechanism would have signi…cant advantages over the optimal carbon tax: it is less informationally demanding, it allows for disagreements in beliefs and preferences through decentralization, and it exacts payments commensurate to actual climate damage.
The key feature of the mechanism is that the prospect of being liable for future damage creates incentives to reduce emissions today. It is a general principle of justice that no party can be liable in the absence of 'constructive notice'. 21 In other words, a country should not be asked to pay for the climate consequences of emissions made before the discovery of the impact of greenhouse gases on the climate. As already mentioned, however, the mechanism does not require tracing emissions back to in…nity to provide the right incentives, but can account for anthropogenic emissions starting at some agreed-upon reference date only. It thus does not violate this basic legal principle. 22 There are at least two important tradeo¤s to consider, however. One is that countries may …nd it tempting to abandon the program as climate damage becomes more and more pronounced in the future. We show in the Appendix that this temptation mirrors the current temptation, which is yielded to in for this observation.
practice, to continually delay the implementation of a carbon tax. We argue that this tradeo¤ between abandoning a carbon liability scheme in the future and postponing a carbon tax today leans towards a market for liabilities being the more e¤ective policy. Indeed, before abandoning the program, at least some emissions reduction is being achieved.
The other tradeo¤ arises from the fact that revenues from a liabilities scheme would be transferred to an international climate fund rather than staying within the country. This may pose a signi…cant political economy obstacle. However, a well-run climate fund would return revenues to countries commensurately with the climate damage su¤ered, say, or can also o¤er other redistributive possibilities. In turn, the existence of such a climate fund could go a long way towards improving the likelihood of reaching an international agreement.
Lastly, the liability approach reduces the number of dimensions of potential disagreement between would-be participants. Indeed, agreeing on an optimal carbon tax rate requires agreement on the discount factor and on the magnitude of yet unrealized climate events far o¤ in the future; two highly debated issues that are unlikely to garner a consensus anytime soon. By constrast, an optimal liability scheme 'only'requires agreement on a starting date from which emissions should be counted. While such an agreement is by no means guar- The above di¤erence is negative, indicating that defaulting on the liability scheme is more tempting. Notice that the size of the di¤erence is equal to the cost of the carbon stock inherited from the past, Z i T 1 , priced at the carbon tax rate of the current period, T . Notice that the di¤erence does not account for the above-mentioned reputational costs associated with defaulting on (…nancialized) carbon debt. These reputational costs are relevant for the liability scheme but do not arise in the case of the carbon tax. Hence, the above di¤erence constitutes an overestimate of the additional temptation to default when adopting a liability scheme rather than relying on a carbon tax.
On the other hand, a drawback of the carbon tax is that its adoption is costly up front. This is because it requires payments immediately for climate damage that may take decades or more to materialize. By contrast, a liability scheme asks for payments upon the realization of damage, e¤ectively spreading payments over time. This makes the liability scheme more likely to be adopted in the short run, a considerable argument in the face of the current di¢ culties in reaching international climate agreements. To be precise, compare the net bene…ts of both schemes over the …rst L + 1 periods:
The sign of the above di¤erence is positive, implying that the liability scheme is strictly less costly over any …nite horizon. Its magnitude is nothing but the (discounted) expected cost of the stock at date L.
Notice that despite the compounded discount factor, L , the above di¤erence is not necessarily negligible, even if L is large. In fact, if damage is a convex function of total stock, and if stock increases over time, the tax rate L = 
